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ÁWhat is an accelerator and why do we need them?

ÁSome History of Accelerators

ÁHow do we accelerate particles?

ÁKeeping particles together.

ÁHow do we use accelerators to do High Energy 

Physics experiments?

ÁFermilab Accelerators and their operation.

ÁAccelerator  techniques, diagnostics and 

instrumentation.

ÁSummary.

Out-line of Presentation



We aim a source of particles at  

target particles and detect the result

To view living cells we 

use optical microscopes 

Resolution~ 10-6 m

Down to the size of atomic 

dimensions  we use electron  

microscopes, where electron  of 

a few hundred KV are typical. 

Resolution ~ 10-10 m

To view the inner workings of 

nucleons (protons and neutrons) 

we need particle accelerators . 

Resolution < 10-15 m

How we see small objects
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Nucleons inside atomic nuclei have a size ~ 10-15 m and are separated by 

distances of the same order. The electrons  orbiting atomic nuclei as well as 

the quarks inside nucleons  have a size, if any < 10-18 m

The resolving power of these devices is determined by the de Broglie wavelength 

of the source particles.

Example: if an electron is required to 

have a de Broglie wavelength 

comparable to the size of the nucleon, it 

must have a kinetic energy of 1200 

MeV. Several thousand higher than an 

electron microscope.

For an electron energy above 10 MeV, 

kinetic energy is proportional 

momentum.
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Some Advantages of Particle Accelerators

ü Accelerators provide the ability to control the 

particles (steer, focus, increase/decrease intensity, 

for instance) in order to conduct experiments 

efficiently and in a controlled fashion.

ü Since all particles behave like waves, 

physicists use accelerators to increase a 

particle's momentum, thus decreasing its 

wavelength enough that they can use them 

to poke inside atoms.

üñHigh energyò particles can have their energy 

converted into mass (E = mc2), and so new 

particle states can be created and observed.
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Accelerating  Charged Particles
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In the first accelerators, particles were accelerated  by a 

high voltage applied over the gap between a cathode and 

an anode ïcathode ray tubes (1890s).

ü Using cathode ray tubes x-rays were discovered in 

1895 by Wilhelm Röntgen ïFirst Nobel Prize in 

physics (1901).

ü 1896 Joseph Thomson studied the cathode rays and 

found that they had a precise charge to mass ratio and 

discovered the first elementary particle (the electron)  

ïNobel prize (1906)

ü Cathode ray tubes are still the most common type 

of accelerator today (TV)

A Little History
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As the electron accelerates from the right hand 

plate to the left, the change in energy is the 

work done,

The charge on an electron is q = -e =  -1.6 x 10-19 Coul

(on a proton, +1.6 x 10-19 Coul  =  +e)

So, we say that an electron/proton accelerated through 1 volt gains

an amount of energy ȹE = 1 eV  (1 electron volt)  (= 1.6 x 10-19 J)

In example above, the electron would gain energy of amount 9 eV.

ȹW = F x d = qV



How fast is this electron moving?

Note:  if looked at a proton instead, its mass is 1836 times that of the electron.  

Thus, its speed would be only0.00014c. 

(= 90,000 mi/hr!)

Q:  How much voltage can we deliver? Letôs look at a TV set...

( c = 186,000miles/sec  =  300,000,000 m/sec )

This is    4 million miles/hr !    = 0.6% the speed of light  (0.006c)
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Your TV Set

heated filament,

electron source

(cathode)

phosphorescent 

screen which

lights up when

struck by electrons
electromagentic fields to  

accelerate and steer the 

electron beam (ray) evacuated glass

container (tube)

Note:  voltages encountered are a few tens of thousands 

of volts,  therefore particle energies of about 10,000 eV!

OK, so itôs a littlemore than thaté

but not much!    Really!
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So, how fast are we moving now?

üAn electron in a typical TV set, with 10 keVkinetic energy, say, 

would thus be moving about

ü (10,000 eV / 9 eV)1/2 = 30 times faster, or about 0.2c.

üDoes this mean a 50 keV electron would be moving at the speed of 

light?    100 keV -->  2 x c ???

üNo!  ñRelativistic effectsò kick iné

üSpecial Relativity (near the speed of light) plays a big role in 

high energy particle acceleration
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Kinetic energy Kinetic energy

Electron:  0       0.5    1.0     1.5     MeV

Proton:     0     1000  2000  3000   MeV

rest energy, mc2:

e- 0.5 MeV

p 938 MeV

Speed, Momentum vs. Energy
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·How to get high voltage?  How high can we go?

·String a bunch of batteries in series!

·Not very practicalé

9v9v9v9v

é

So, Back to High Voltage!
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High Voltage

The first high voltage particle accelerator had a potential drop of ~100 KV and

was developed in early 1930ôs by Cockcroft and Walton,and is named after them: 

In 1951 they obtained the Nobel prizein physics for their work on the 

transmutation of atomic nuclei by artificially accelerated atomic particles.

Converts AC voltage V to

DC voltage n x V
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High Voltage continued!

The most common potential-drop accelerator in use today is 

the Van de Graaff.  Several configurations  exist and have 

achieved voltages > 25 MV.
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The Fermilab pelletron provides 4.3 MeV electrons. 

These electrons are used to manipulate the phase space 

of anti-protons in the recycler in a process called 

electron cooling. More on this later.
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Letôs Re-use the E-field!

üThe Cockcroft-Walton design can produce voltages up to a 

few MV, and the van de Graaf up to about 10 MV; at these 

voltages, materials begin to experience ñhigh voltage break-

downò

üTakes only a few MV to generate lightning 

üSo, to continue to higher particle energies, it would be 

beneficial to re-use the electric fields we generate:

BUT!      If the voltage is DC, then

though particle is accelerated when 

in between the plates, it will be 

decelerated while outside the plates!

-- net acceleration = 0 !

SO, need a field which can be 

switched on and off -- an AC system!



Circular Accelerators

üThe first circular accelerator was the cyclotron.

mv2/r = qvB

==> r =   mv/ qB
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Circular Accelerators

üSince the entire cyclotron had to be in a magnetic field, the 
magnets would become very large.

üAlso, as the particles continued to accelerate, their speeds 
would begin to approach c, and thus they would not keep in 
step with the changing voltage.

üñSynchrocyclotronsò were invented to try to take these effects into 
account, as well as other types of accelerators -- betatron, 
microtron, é

üBut the one that won out, when it came to very high energy 
particle beams, was the synchrotron.
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The Synchrotron

ÁUse a single device which develops an electric field along the 

direction of motion, and which oscillates at a tunable frequency.

ÁUse a series of tunable electromagnets whose strength is adjusted 

to keep the particle(s) on a circular orbit back to the accelerating 

device (cavity).

Voltage = V sin(2 f t + )

f = 1/T = v / 2 R

Each revolution,

energy changes by amount

ȹE =  e V  sin( )

V

is called the synchronous phase angle
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Synchrotron (contôd)

Á Slowlyincrease the magnetic field, and 
particles will accelerate to ñkeep up,ò and 
the particles will remain on the same radius 
circle

mv2/R= evB

==> R  =   mv / eB 

=   p / eB

And as the particle speeds up, the frequency of 
the cavity must change in step (ñin syncò)

What frequencies do we 

need?

Letôs say v ~ c, 

and say R = 1 m

then,

f = v / 2 R

= (3 x 108 m/s) / (2 1m)

= 5 x 107 / s = 50 MHz
thus, we use RF cavities and power sources...

FM Radio Stations:   88 - 108 MHz!

V

time
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Synchrotrons at Fermilab

Booster

R= 75 m

h = 84

R = 1000 m
h = 1113

R = 500 m

h = 588
Main Injector

Tevatron

All use
53 MHz
systems

h = # possible óbunchesô in 

the accelerator

h=1 h=2 h=4
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So much for acceleration, ...

what else do we need?
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Accelerator Magnets

üTo steer the particles, we need to use strong magnetic 

fields -- electro-magnets:

üA simple electromagnet might look like:

üAccelerator magnet:  

ülots of current and lots of iron!

üIron-dominated magnets can obtain 

ü field strengths up to ~2 Tesla
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Also, The Need for Focusing

üParticles move in circular orbits when in a uniform magnetic 

field

üWhat happens if we deflect a particle as it is going around?

üDeflections in a Uniform magnetic field:  
ü Horizontal -- stable           Vertical -- NOT -- spirals away!

üAlso, large number of particles in a real beam start out heading in 

every which direction!     (sort of like a flashlight beam, 

spreading out away from the source)

B
B
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Focusing

üSo, as particles move around the accelerator, we need to 
use other electromagnets to steer and focus them

üArrangement of focusing magnets, acting much like 
optical lenses, keeps the particle beam containedé

üSmaller magnets are used to fine-tune the beam 
trajectory, and to perform special orbit manipulations

üNote:  The beam in the Tevatron, for example, is 
only about 1 mm wide!  Its orbit is controlled to a 
fraction of a mm!  Yet, the orbit itself is 6.28 km 
(4 mi) around!
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Example:  FermilabMain Injector

Focusing Magnets

Bending Magnets
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Superconductivity

ÁDiscovered in 1911 by Dutch physicist Heike Kamerlingh 

Onnes of Leiden University

ÁCertain metals and alloys, when cooled to low 

temperatures, offer no resistance to the flow of electrical 

current -- superconductors

Å   Took many years to 

understand, and to perfect the 

production of superconducting 

materials suitable for 

commercial use

Arden Ayube Warner 6/15/2010



Superconducting Accelerator

ü The Tevatron at Fermilab was the first synchrotron making use of 
superconducting materials in its magnets

ü Allowed Fermilab to go to higher fields, higher particle energies --
Energy Doubler

ü Can keep the fields turned on with  practically no additional electricity 
costs

üThus, can make a very cost effective ñstorage ringò -- colliding 
beams!

üThe ñcritical temperatureò for the Tevatronôs superconductor is about 4 
oK = -450 oF !

üLiquid Helium Cryogenics Refrigeration System ïwas the worldôs 
largest!

üThough no resistance in the superconductor, still have to pay for 
keeping the magnets cold!  But overall operating cost is still lower.

ü Future large-scale (and, some smaller scale!) accelerators are using this 
technology
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Superconducting TevatronMagnet

B

Å   Outside is at room temperature;

inside is at 4oK!

Å   Field is 4.4Tesla @ ~4,000 A

Å   Each magnet is ~20 ft long,

and weighs about 4 tons

Å   ~1000 magnets in the Tevatron
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